Inertialess anisotropic particles in a Rayleigh-Bénard turbulent flow show maximal tumbling rates for weakly oblate shapes, in contrast with the universal behaviour observed in developed turbulence where the mean tumbling rate monotonically decreases with the particle aspect ratio. This is due to the concurrent effect of turbulent fluctuations and of a mean shear flow whose intensity, we show, is determined by the kinetic boundary layers. In Rayleigh-Bénard turbulence prolate particles align preferentially with the fluid velocity, while oblate ones orient with the temperature gradient. This analysis elucidates the link between particle angular dynamics and small-scale properties of convective turbulence and has implications for the wider class of sheared turbulent flows. arXiv:1912.00229v1 [physics.flu-dyn] 
Can we infer the small scale features of a turbulent flow from the angular dynamics of a particle advected by it? This question has represented a motivation and a formidable challenge for much of the research performed on Lagrangian studies of turbulence over the last decade [1] . The angular dynamics of a small material body advected by a flow indeed inherits properties of the spatial gradient of the carrying flow. However, even in the most simple instance, the one of an inertialess axisymmetric particle in a plane steady shear flow whose description is due to G.B.Jeffery [2] , the connection is not straightforward owing to the non-linearity of the particle equation of motion. A particle performing a so called Jeffery orbit tumbles at variable speed and as results on average preferentially aligns with certain flow directions. Notable progresses have been made in the context of statistically steady, homogeneous and isotropic turbulence (HIT), where a robust universal behaviour, i.e. independent of external forcing, has been highlighted [3] [4] [5] [6] 10] . The study of rotation of anisotropic particles has known a great development in recent times also motivated by applications in environmental sciences, geophysics and industry. The advancement of knowledge has followed two main paths: i) refine the particle description including hydrodynamic forces due to inertia, finite-size and shape [11] [12] [13] [14] [15] , or external forces such as gravity [1, 17] ; ii) explore different fluid flows, from laboratory-scale turbulence to geophysical settings. The second aspect is still largely uncharted, while many studies are available for the above mentioned HIT condition, only a handful of works cover the topics of bounded turbulence [2, [18] [19] [20] 22] , or surface flows [23] . The fact that hitherto no study exists for thermally driven turbulence (so relevant for environmental and geophysical applications) provides a motivation for the present work.
In this letter we show by means of experiments and numerical simulations that the tumbling rate of inertialess neutrally buoyant axisymmetric particles in a convective turbulence Rayleigh-Bénard (RB) cell displays a peculiar trend as a function of the particle aspect ratio, which is different from the one in HIT. We demonstrate that this trend is due to the combined effect of turbulent fluctuations and a persistent shear flow that shall be present in the system. The mean intensity of the shear flow is compatible with the one of kinetic boundary layers and it appears to rule out the effect of a large scale circulation (LSC). In the discussion we speculate that such behaviour will vanish for larger thermal forcing (higher Rayleigh number), finally recovering the universal behaviour observed in turbulence. We propose a simplified model for the evolution of particles in a turbulent shear flow which can be used to interpret angular dynamics also in sheared flows different from RB turbulence.
The experiments are carried out in a cubic container with side H = 24 cm which is heated on the bottom plate with constant power and kept cooled at constant temperature on the top plate, while the vertical walls are thermally insulated. The working fluid is a solution of glycerol, 55% by weight, in water, which is characterised by a Prandtl number P r 37 at the average temperature of T 0 = 40 o C. The mass density of the fluid at T 0 is approximately equal to the one of the polyamide particles seeding the flow (ρ = 1.13 g/cm 3 ) so that they can be taken on average as neutrally buoyant. Two shapes of axisymmetric particles are adopted: i) rod-like particles of 0.45 mm in diameter and ii) disk-like particles of 3 mm in diameter. The height-over-diameter aspect ratio (α) of the two types of particles are α = 6 and α = 1/6 respectively. The particle concentration is very diluted, around 1 particle in a volume of (13η) 3 global dissipative units. The Rayleigh number Ra = βgH 3 ∆T /νκ, where β is the thermal expansion coefficient, g the acceleration due to gravity, ∆T the bottom-top thermal gap, ν the kinematic viscosity and κ the thermal diffusivity, is kept at Ra = 4 × 10 9 . We evaluate the global energy dissipation as = RaP r −2 (N u − 1)ν 3 /H 4 [24] . The global dissipative length and time scales measure respectively, η = (ν 3 / ) 1/4 = 1.9 mm and τ η = (ν/ ) 1/2 = 1.1 s. In such conditions the particle translational and rotational response times are sufficiently small (∼ 10 −2 τ η ) to neglect the effect of inertia on the dynamics. The threedimensional particle tracking is performed by means of two cameras pointing to the system horizontally from orthogonal directions. The imaging volume covers 89% of the total volume, meaning that on average the field of view reaches a distance of 4.5 mm from the walls. This wide field of view allows to access both the dynamics in the kinetic boundary layers (BL), whose thickness is δ BL = H/ √ Re 10 mm (here Re = u rms H/ν 545) and the cell-size LSC flow structure. The trajectory reconstruction uses the smoothing technique of Ref. [25] and orientation reconstruction of Ref. [5] . The typical duration of the recorded particle trajectories is O(10) large eddy turnover times, T = H/u rms = 26.3 s.
The associated numerical experiments adopt an Eulerian-Lagrangian approach: The fluid is described by means of direct numerical simulations (DNS) of Oberbeck-Boussinesq equations while the particles are described as non-interacting point-like fluid tracers whose orientation changes according to the Jeffery's equation [2] . The employed code is described in Ref. [26] . We perform two series of simulations: i) one of the RB system with similar geometrical and physical parameters as the experiments, Ra = 10 9 , P r = 40 (corresponding to Re = 242), and N p = 5 × 10 5 particles; ii) the same particle types are advected also in a weakly turbulent homogeneous isotropic (HIT) flow at Taylor-Reynolds number Re λ = 32, i.e. close to the one estimated in the center of the RB system, in a triply-periodic cubic domain and N p = 1.5 × 10 6 . The need for simulation of particles in a HIT flow will be clarified further below. The anisotropic particles in the simulations cover a wide range of aspectratios from thin disks to thin fibers, α ∈ 10 −2 , 10 2 .
A visualisation of two typical trajectories for prolate and oblate particles from the experiments is shown in Fig.1 (a-b). One can appreciate the wide field of view achieved by the particle tracking system. The evolution of the particle center of mass brings the imprint of the large scale circulation which occurs in the RB cell in the present conditions. However, on a longer time scale the particles explore homogeneously the cell volume, as they do not rise or sink, due to their negligible buoyancy, neither they preferentially concentrate, due to their vanishing inertia. The particle orientation, also visually rendered in Fig.1 (a-b), identified in this work by the unit vector p(t), appears to evolve smoothly in the bulk and to change abruptly mostly in correspondence of the top and bottom regions (although particle-wall collisions do not occur). A quantitative measurement of these changes is obtained via the probability density function (PDF) for the instantaneous quadratic tumbling rate,ṗ iṗi . The PDFs, Fig.1 for a set of initially random uniformly oriented particles of the corresponding aspect ratios tumbling in a stationary plane shear flow, i.e., performing so called Jeffery orbits. Note that the latter PDF has a finite support due to the periodic evolution of the particle orientation, and it has much shorter tails. Additionally, we remark that the shape of these curves: i) does not seems to carry a particle aspect ratio dependence ii) agrees well with previous experimental measurements [5, 27] performed in developed turbulent flows at much higher Reynolds numbers iii) are in excellent agreement with the DNS. The latter point give us confidence in relying on numerical results for further analysis.
We now look at the dependence of the mean quadratic tumbling as a function of the aspect ratio. Figure 2 (a) presents the measurements from numerics in the aspect ratio range α ∈ 10 −2 , 10 2 together with the ones from the experiments for oblate and prolate particles, which again nicely agree with each other. More importantly the behaviour is compared with the measurements of the same quantity in HIT, here DNS at Re λ = 32 and results from [5] in the same conditions. The tumbling rate in RB is for all the aspect ratios slower than the one observed in the HIT flow, pointing to the existence of either a stronger preferential alignment with the underlying flow or to an intrinsic smaller variability of the velocity gradient fluctuations.
It is known that the major differences between RB turbulence and HIT concern anisotropic and non-homogeneity effects caused by the vertical buoyancy force and by the presence of geometrical boundaries.
In order to disentangle the effect of non-homogeneity from the rest we divide the volume in two subsets, a central cubic volume of side H/3 denoted as "bulk" domain and the complement of it denoted as "near-wall" region which includes the vertical and lateral BLs and the domain where the large-scale-circulation occurs (see cartoon in Fig. 2(b) ). In the same panel we show the computed tumbling rates in the two regions both form experiments and simulations. Two observations are in order. First, this analysis confirms the strong inhomogeneity of the flow in this system. The global tumbling rate appears to be dominated by the near-wall region, where it is stronger than in the bulk region by roughly a factor two. Second, we observe very different trends for the quadratic tumbling rate versus α in the two regions. In order to make sense of the two different behaviours we normalise the mean tumbling rate with respect to the local dissipation scales in the two subregions, i.e. the energy dissipation rate is here computed either in bulk, or near-wall domains, see Fig. 2(c) . For the bulk we observe a remarkable match with the measurements in HIT, proving that the core of the RB system at this Rayleigh number displays a flow whose small scale dynamics is essentially the same as in a turbulent flow. Let's remark that this result is not trivial because the Reynolds number in the core of the system is quite small. Interestingly, when the local energy dissipation rate rescaling is adopted the near-wall tumbling rate falls below the bulk one. This behaviour can be contrasted with the one of a initially isotropic set of particles evolving in a steady plane shear flow, denoted as Jeffery orbits in the same figure [28] . It is now tempting to speculate that the behaviour observed in the near-wall (and indeed globally dominant in the RB system) is a superposition of turbulence and steady shear. A test of this guess, based on a simplistic linear combination of the two tumbling rate behaviours does not fall far from the actual shape (see shaded region in Fig 2(c) ). The linear combination fit provides an estimate for the background shear intensity comparable to the one of turbulent fluctuations. More importantly, it accounts for the observed local maximum, that occurs for aspect ratios just below the unit value.
In order to support the hypothesis that a strong background shear affects the global tumbling rate observed in the RB cell we study the alignment of particles with the flow velocity. From the phenomenology of Jeffery orbits it is known that prolate particles tumble slowly when oriented along the velocity direction, while the opposite is true for oblate particles [2] . Figure 3(a) shows by means of DNS data that this occurs markedly in near-wall regions, while it is absent in the bulk. Similar features have been already observed in a numerical study of rods in the turbulent 2D RB flow [8] . We also verified if particles aligns with the cell walls, which is where the strongest FIG. 3. (a) PDF of cosine of the angle of particle orientation with the fluid velocity, cos θu,p = p·(u/||u||); (b) the same for the temperature gradient, cos θ ∇T,p = p · (∇T /||∇T ||). The PDF of the modulus of the cosine is considered for symmetry reason: due to the for-aft symmetry of particles the parallel or antiparallel orientation with respect to a vector are equivalent. mean shear is expected. We find that both with horizontal and vertical near-wall regions prolate particles align walls while oblate ones are orthogonal to them, which is again in agreement with the Jeffery orbits phenomenology, see SM [30] for details, and also qualitatively agree with the near-wall dynamics in turbulent channel flows [1, 2] . As a side note we show that particles display a remarkably strong preferential alignment also with the temperature gradient orientation. Figure 3(b) shows that disk-like particles gets strongly aligned with ∇T while rod-like particles stay orthogonal to it. This feature occurs equally well in the bulk and in the near wall and it is related to a similarity between the orientation equation for the particle and the evolution equation for the gradient of a scalar field advected by the fluid, as first proposed in [8] , see also SM [28] . The effect is particularly evident in the present flow due to the high value of P r which makes negligible the decorrelating effect of thermal diffusivity.
The experimental and numerical measurements presented so far support the hypothesis that a persistent shear flow affects the global tumbling rate of particles in the RB cell. Although the RB flow is known to be inhomogeneous, it is not composed up by a juxtaposition of regions where either turbulence or a steady shear occurs separately: the linear combination model reported in Fig.2 (c) -yellow region -is certainly poor approximation of the reality. It seems more physically sound to assume that turbulent fluctuations should coexist with a relatively uniform background shear flow. In order to study the effect of this superposition and the sensitivity of particle tumbling to the relative intensity of shear as compared to turbulent fluctuations, we build a synthetic velocity gradient field as follows: units. Note that the overall normalisation of the two components is constructed in such a way that the mean dissipative scale (τ η ) of the resulting gradient field ∇u s is the same as the one of the original HIT field ∇u(t). This allows to compare the shear intensity with the amplitude of the global field and also to keep under control numerical errors arising with large s values. As a caveat, we note that such a model should be taken as a rough approximation of a realistic turbulent shear flow, where velocity gradient fluctuations have specific signatures [31] , and obviously also as a simplistic approximation of a RB flow. The mean tumbling rate of an initially random uniformly oriented set of particles evolved along many of such gradient trajectories is reported in Fig. 4 . The family of curves, corresponding to different values of s, show similar features with the ones of the quadratic tumbling rate measured in the RB cell. Interestingly, this model provides an estimate, s * = 2 ± 0.3, of the background shear-rate intensity as compared to the turbulent velocity gradient fluctuations. The estimated associated time scale (τ s for shear) expressed in the dissipative-time of the synthetic global field (τ η ) turns out to be τ s = τ η √ 1 + s * 2 /s * 1.1 ± 0.1τ η . We note that this intensity is incompatible with a persistent shear-rate determined by the LSC turnover time, because here T = H/u rms 24τ η , while it is much closer to the time-scale associated to the kinetic boundary layers τ BL = δ/u rms = T Re −1/2 1.6τ η .
Finally, it is tempting to ask what will be the fate of the mean quadratic tumbling intensity vs. α at varying the Rayleigh number. This can be guessed dimensionally by considering (see [32] for the estimates) that BL ∼ ν(u rms /δ) 2 and occupies a volume V BL = (H 3 − (H − 2δ) 3 ) while bulk ∼ u 3 rms /(H − 2δ) occurs in a volume V bulk = (H − δ) 3 (where bulk denotes here the total volume minus the one occupied by BLs). With this we evaluate s * ∼ BL V BL / bulk V bulk ∼ Re −1/2 , which is bound to decrease to zero as Ra increases (because Re ∼ Ra 1/2 ). Similarly, (τ s /τ η ) 2 = (s * 2 + 1)/s * 2 ( H 3 )/( BL V BL ) ∼ (N u − 1)RaP r −2 /Re 3/2 increases with Ra: meaning that the relative importance of the mean-shear will reduce with respect to turbulence.
In summary the orientation dynamics of inertialess anisotropic particles advected by Rayleigh-Bénard turbulent convection is studied by experiments and simulations. The heavy tail distribution of the instantaneous tumbling rate matches the one of developed turbulent flows both for prolate and oblate particles, meaning that the flow possesses similar extreme smallscale fluctuations as in HIT, despite the difference in the Reynolds number. On the contrary, the mean tumbling rate dependence on the particle aspect-ratio displays a maximum for weakly oblate particles (α 1), rather than the universal monotonic decreasing trend observed in turbulence. The mean tumbling rate is highly inhomogeneous across the system, larger in the outer regions, weaker in the bulk where remarkably the mean tumbling rate behaviour of HIT is fully recovered (both in magnitude and α dependence). We show that the peculiar trend observed in the RB system is due to the combined effect of turbulent fluctuations and a persistent mean shear flow component. This is supported by the observed parallel (orthogonal) alignment of prolate (oblate) particles with the local fluid velocity, a trait of Jeffery orbits in steady plane shear flows. Additionally, it is shown that both in bulk and near-wall regions disk-like particles align preferentially with the local temperature gradient direction, while rod-like particles are orthogonal to it. Finally, by means of a synthetic shear turbulence model we estimate that the mean shear-rate intensity necessary to produce the observed tumbling dynamics in the RB cell in the present conditions is of the order of the inverse global Kolmogorov time scale. Our findings go beyond RB turbulence and they have implications for the study of particle rotational dynamics in the wider class of wall-bounded turbulent flows or more generally turbulent flows with shear, where they can improve the interpretations of already available measurements.
The revealed preferential alignments with velocity and temperature gradients can have implications for the modelling of the dynamics of aspherical organism transported by shear dominated turbulence [33] , with or without thermal effects [34] .
We gratefully acknowledge V. Mathai II.Particle alignment with velocity, vorticity, rate-of-strain eigenvectors and thermal gradient
We look here at the mean alignment, more precisely at the absolute value of the cosine angle between the particle director p and several physical quantities: the flow velocity u , the vorticity e ω , the eigenvectors of the rate-of-strain tensor e 1 , e 2 , e 3 and the temperature gradient. Figure S2 (a) shows the measurements for the RB system from DNS at Ra = 10 9 , P r = 40, while Fig.S2 (b) shows the corresponding data for the HIT flow at Re λ = 32, i.e. at comparable Reynolds number as the one estimated for the bulk. In the RB system the stronger alignments is observed for oblate particles with the temperature gradient direction. Prolate particles maximally align with the velocity field. It appears that they are also correlated with e 1 and to a lesser extent to the vorticity. This is contrasted by the measurements in isothermal HIT, where prolate particles maximally align with the vorticity orientation and to a lesser extent with e 2 as first proposed in [3] and measured in [4] [5] [6] . We note however that also the alignment with the vorticity and with the velocity is not negligible. This is to be attributed to the small turbulence level of the present conditions. We have verified indeed that at higher Re such a correlation vanishes. 
III.Explanation for particle alignment with temperature gradient and vorticity
In this section we provide a concise explanation for the observed alignment of anisotropic particles with the direction of the temperature gradient. Jeffery equation of motion for the orientation of an axisymmetric particle, reads:
where p(t) is the unit vector identifying the orientation of the particle axis, S = (∇u+∇u T )/2 and Ω = (∇u−∇u T )/2 are the symmetric and anti-symmetric components of the local velocity gradient tensor. The above equation can be rewritten in terms of the evolution of the non-unitary vector, q(t) [7] :
The limit of thin disks α → 0 of (S2) leads to an equation that apart from the diffusive term is formally identical to the one of the gradient of a scalar field, T , following the advection diffusion equation:
q α=0 (t) = −∇u T q α=0 (S3) ∇T = −∇u T ∇T + κ∆∇T
The limit of rods α → ∞ as pointed out by [3] shares an equivalent similarity with the vorticity equation of motion:
q α=∞ (t) = ∇u q α=∞ (S5) ω = ∇u ω + ν∆ω (S6)
Note that while the former alignment become exact in the limit of P r → ∞, the latter one occurs in the opposite limit P r → 0. In the limit of P r → ∞ and α → ∞, Ref. [8] predicts that the scalar product between the Jeffery equation and eq.(S4) has a fixed point solution as p T ∇T = 0, which indicates that rods are preferentially perpendicular to the temperature gradient. Furthermore, it is easily checked that q α=0 · q α=∞ = const., meaning that a thin disk and a rod keep their relative orientations.
